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Afterdepolarizations as a Mechanism for the Long QT Syndrome:
Electrophysiologic Studies of a Case
ELIOT SCHECHTER, MD, FACC, CHARLES C. FREEMAN, MD, RALPH LAZZARA, MD, FACC
Oklahoma City, Oklahoma
A young woman with palpitation and syncope was found
to have ventricular tachyarrhythmia and a congenital
long QT interval. The QT interval was shortened and
the arrhythmia suppressed by propranolol. Electro-
grams recorded at various sites in both ventricles re-
vealed a distinct diastolic slow wave that followed the T
wave and measured 1.1 mV. Epinephrine infusion and
emotion augumented this diastolic wave and induced
ventricular ectopic complexes arising from this potential.
The first description of the congenital long QT syndrome
probably antedated electrocardiography. In 1856, Meissner
(1) described a congenitally deaf girl who collapsed and
died under emotional stress; she came from a family in
which two siblings died suddenly. The first description of
the electrocardiographic findings was published nearly 100
years later by Jervell and Lange-Nielsen (2). These and other
early descriptions included the constellation of congenital
deafness, fainting attacks induced by exercise or emotion
and marked prolongation of the QT interval. In 1963, Ro-
mano et al. (3) published a key report in which the long
QT interval occurred unassociated with congenital deafness
and the syncopal episodes were demonstrated to be due to
transient ventricular tachyarrhythmia. Thus, during this pe-
riod of 107 years, the key aspects of this syndrome have
emerged as a strikingly long QT interval, syncope and some-
times sudden death associated with ventricular tachyar-
rhythmias, frequent occurrence in families and association
in some patients with congenital deafness (4).
A number of mechanisms have been suggested for this
syndrome. The relation of syncopal attacks to physical ac-
tivity or emotional stress suggests that sympathetic tone
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Similar endocardial recordings in eight patients without
a long QT interval showed diastolic slow waves that
never exceeded 0.28 mV. In normal canine myocardium,
afterdepolarizations can be induced by norepinephrine
and blocked by propranolol. These findings suggest that
the long QT syndrome is associated with abnormally
large afterdepolarizations in ventricular myocardial cells,
which are enhanced by beta-adrenergic stimulation to
attain threshold and produce firing.
plays an important role (4). Experiments with stimulation
or excision of the stellate ganglion suggest that imbalance
in sympathetic tone may be important (5). Relative over-
activity of the left stellate ganglion, either primarily or as
a result of experimental excision of the right stellate gan-
glion, prolongs the QT interval and predisposes to ventric-
ular arrhythmia. Left stellate ganglion excision or beta-ad-
renergic blockade has been shown to shorten the QT interval
somewhat and suppress the arrhythmia (6). The mechanism
by which sympathetic imbalance is translated into electro-
physiologic abnormalities remains speculative.
To gain insight into the electrophysiologic phenomena
that form the basis for the long QT syndrome, we recorded
electrograms from the ventricular endocardium in a patient
who underwent electrophysiologic study at the University
of Oklahoma Health Sciences Center because of sympto-
matic long QT syndrome. We noted the effects of emotion
and the infusion of epinephrine on the eiectrograms. On the
basis of these observations and extrapolation from cellular
electrophysiologic events, we hypothesize that the long QT
interval is, in part, the surface reflection of prominent af-
terdepolarizations in ventricular myocardial cells, Purkinje
fibers or both, and that these afterdepolarizations are re-
sponsible for initiating the characteristic arrhythmias.
Case Report
A 23 year old white woman was hospitalized because of
syncopal spells. She gave a history of "blackouts" during
excitement or anxiety for many years. She described "feel-
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ing my heart pounding in my chest" before syncopal attacks
and at other times. She described no postictal symptoms.
Family history revealed that a younger sister had died
suddenly at age 21 of an apparent cardiac arrhythmia, and
a half-sister and aunt both died suddenly during their youth.
Her mother has been deaf since the age of 20 and one family
member is said to have a long QT interval.
On admission, the patient was in no distress. Her blood
pressure was 90170 mm Hg; her pulse was grossly irregular.
Her hearing was normal. The point of maximal precordial
impulse was in the fifth intercostal space at the midclavicular
line. The heart sounds were normal. No extra sounds or
murmurs were heard. There was no evidence of cardiac
failure. Chest X-ray examination was normal.
The electrocardiogram (Fig. 1) showed a QT interval of
0.60 second and multiform ventricular tachycardia. Rhythm
strips showed a long QT interval, bizarre T wave config-
uration (Fig. 2A) and runs of ventricular tachycardia be-
ginning at the end of the T wave (Fig. 28). The echocar-
diogram was normal and showed no evidence of mitral valve
prolapse.
Treatment with propranolol (160 mg/day) resulted in
complete control of the arrhythmias, but because of concern
about this patient's long-term compliance with medical ther-
apy, plans were made to evaluate stellate ganglion block as
definitive management. Two months after the initiation of
propranolol therapy, but 3 days after its discontinuance, an
indwelling plastic catheter was placed in the region of the
left stellate ganglion to allow production of temporary stel-
late block during the e1ectrophysiologic studies. It was hoped
that demonstration of changes in the electrophysiologic find-
ings during temporary stellate ganglion block would permit
evaluation of the potential of stellectomy block as definitive
therapy. The patient gave written consent for the procedure
after being fully informed as to the risks and therapeutic
implications of the testing. At the time of electrophysiologic
testing, the patient did not have spontaneous arrhythmias,
and the QT interval, though prolonged (0.46 second at a
heart rate of 72 beats/min), was much less than that at her
original presentation. She appeared to be in comparative
remission.
Electrophysiologic studies. After premedication with
10 mg of diazepam orally, four multipole electrode catheters
were inserted and positioned in the high right atrium, across
the septal leaflet of the tricuspid valve and in various areas
of the right and left ventricles to record intracardiac elec-
trograms. Once an area was identified that showed a large
afterdepolarization, the catheter was left in that position for
the remainder of the study. With the ventricular catheters,
care was exercised to maintain good endocardial contact
(indicated by a stable baseline), without excessive endo-
cardial pressure (evidenced by elevated or depressed ST
segments) in the recorded electrograms. Recordings were
made from the mapping catheter in both the unipolar mode
(using an atrial electrode for the distant electrode) and the
bipolar mode (using I cm spacing between the electrodes)
with bandpass filter settings of 0.05 to 500 Hz. Recordings
were made with the patient lying comfortably, during atrial
pacing, during the infusion of physiologic doses of epi-
nephrine (0.02 J-Lg/kg per min), during emotional upset from
discomfort during the catheterization procedure and after
administration of additional diazepam to achieve sedation.
Measurements were made only from recordings that showed
a stable baseline and reproducible waveforms. Measure-
ments are based on the mean of five consecutive nonpost-
extrasystolic beats. The study was performed without sig-
nificant complications.
Endocardial recordings. Figure 3 shows recordings from
two areas each, in the right and left ventricles. The right
ventricular outflow tract (Fig. 3A) is normal, but the septum
(Fig. 38) shows a very prominent diastolic potential oc-
curring after the end of the T wave in the surface electro-
cardiogram. The left ventricular apical recording (Fig. 3C)
shows only minimal diastolic activity after the end of the
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Figure 1. Twelve lead electrocardiogram
showing a QT interval of 0.60 second (note
leads II and III) and multiform ventricular
tachycardia.
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Figure 2. A, Rhythm strip (lead II) showing a
QT interval of 0.60 second and a bizarre T wave.
B, Rhythm strip (lead II) showing ventricular
tachycardia beginning at the end of the T wave. 8
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surface T wave, but the inflow area near the base of the
mitral valve (Fig. 3D) shows a very prominent late diastolic
potential.
Figure 4 shows left and right ventricular recordings dur-
ing various states. The infusion of epinephrine (Fig. 48)
increased the size of the diastolic potentials. The diastolic
waves were further increased (Fig. 4C) by emotion as the
patient became uncomfortable from lying on the catheter-
ization table. Ten minutes after termination of the epineph-
rine infusion and the administration of additional diazepam
(Fig. 4D), the potentials had decreased in size, and 15
minutes later (Fig. 4E) had returned to baseline levels.
were dissected from the heart in eight mongrel dogs and
superfused at 35 to 3rC with a physiologic solution (mM)
of Na+, 151.1; K+, 4.05; Ca2 +, 1.35; Mg2+, 0.5; CI-,
131.25; HC03 -, 24.0; HZP04 -, 1.8; and dextrose, 5.5.
Intracellular and extracelJular potentials were recorded by
standard techniques. Addition of norepinephrine in a con-
centration of 10 - 7M would sometimes induce afterdepolar-
izations (three of eight) and a concentration of 10 - 6M would
invariably induce afterdepolarizations (Fig. 5). These af-
terdepolarizations could attain threshold and culminate in
automatic firing. They were eliminated by the addition of
the beta-adrenergic blocking agent, propranolol.
Observations In Vitro
The induction of afterdepolarizations in normal canine
ventricular myocardium by norepinephrine was studied as
follows. Epicardial preparations of ventricular myocardium
Other Clinical Observations
We made unfiltered endocardial recordings in eight other
patients undergoing electrophysiologic study for ventricular
tachycardia. None had the long QT syndrome and all had
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Figure 3. Surface electrocardiographic leads 1,
aVL and VI with unipolar (uni) and bipolar (bi)
endocardial recordings from the right ventricular
outflow tract (RV0)' right ventricular septum (RVs),
left ventricular apex (LVa) and left ventricular in-
flow tract (LVi)' Diastolic afterdepolarizations are
very prominent in the right ventricular septum and
left ventricular inflow tract.
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Figure 4. Surface electrocardiographic leads
I, aVL and VI, and endocardial recordings from
the left ventricle (LV) and right ventricle (RV)
during multiple states. The diastolic depolar-
ization is increased during epinephrine (Epi)
infusion (B) and with emotion (C).
inducible tachycardia. A total of 31 sites were studied, 18
in the right ventricle and 13 in the left. The recorded po-
tentials varied widely in amplitude between sites, indicating
their patchy occurrence. These potentials were recorded at
levels up to 0.28 mV in amplitude (median 0.03, mean 0.08
± 0.085). None approached the amplitude of 1.1 mV noted
in our present patient.
Discussion
Patients with the long QT syndrome often have poly-
phasic and bizarre T waves or more than one slow wave.
The long QT interval and bizarre "TU waves" in these
patients may represent grossly and heterogeneously pro-
longed repolarization of myocardial fibers. The resulting
heterogeneous refractory properties would promote reentry
if excitation occurred during the relative refractory period,
that is, during terminal repolarization. This proposed mech-
anism does not account for the initial ectopic beat required
to initiate ventricular tachycardia. Further, programmed pre-
mature stimulation has been ineffective in initiating ven-
tricular tachycardia in patients with the long QT syndrome
(7), an observation which is a serious drawback to the hy-
pothesis of reentry. Beta-adrenergic agonists in physiologic
concentrations produce only modest changes in repolari-
zation of myocardial cells in vitro and relatively little change
in T waves when administered systemically. Thus, the re-
lation between gross abnormalities of T and U waves, ven-
tricular arrhythmias and the sympathetic nervous system
cannot be explained readily in terms of the known cellular
electrophysiologic effects of adrenergic agonists on
repolarization.
Possible mechanisms of the slow waves. The slow late
waves we recorded may represent either local or distant
electrical activity. Bipolar leads (I cm interelectrode dis-
tance in our studies) favored the recording of local events,
while unipolar recordings incorporating a distant (right atrial
in our study) indifferent electrode include a summation of
both local and more distant electrical activity. In both types
of recordings, we found slow late waves in some areas but
not in others, suggesting a major component of local activity.
Three possible explanations may be offered for these
slow late waves: I) they may represent abnormally late
repolarization of a region of the myocardium; 2) they may
represent repolarization of another population of cells, for
example Purkinje fibers; or 3) they may represent afterde-
polarizations. It has been demonstrated (8) that different
portions of the myocardium have different repolarization
times. Noble (8) reviewed data showing that the difference
among the durations of action potentials at the base of the
heart and at the apex and subendocardial and subepicardial
layers accounted for the T wave being concordant with the
QRS complex. These studies did not suggest that the dif-
ferences in action potential duration were sufficiently great
to produce a late diastolic or U wave on the electrocardiogram.
Watanabe (9) provided evidence implicating Purkinje fi-
ber repolarization as a possible cause of the U wave. This
hypothesis was based on indirect evidence showing that
CONTROL NE
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Figure 5. Microelectrode recordings from nor-
mal canine myocardium exposed to increasing
concentrations of norepinephrine (NE) and after
beta-adrenergic blockade ({3 block). Afterdepo-
larizations appear at IO- 6M, are large at IO- 5M
and abolished by beta-adrenergic blockade.
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those interventions (hypokalemia, hypothermia, rate and
quinidine) that enhance U waves also increase the disparity
between the durations of the action potentials of Purkinje
fibers and myocardial cells. Concordance of effects on the
U wave and the duration of the action potential of Purkinje
fibers was presented as indirect evidence suggesting that
Purkinje fiber repolarization was the cause of the normal U
wave on the electrocardiogram.
In our patient, the increase in amplitude and duration of
the late slow wave with epinephrine infusion and its asso-
ciation with ectopic rhythm can not readily be accounted
for by the hypothesis that they are linked with Purkinje fiber
repolarization. Also, because the excitatory currents gen-
erated by the local Purkinje fibers were not reflected by
Purkinje spikes in the local electrograms, it seems unlikely
that the lesser repolarizing currents should have such a
prominent representation. The idea that different popula-
tions of ordinary myocardial cells with different rates of
repolarization exist within the local field of view of a bipolar
electrode could not explain the association of the late slow
waves with ectopic rhythm and the effect of epinephrine to
increase the amplitude of the late slow wave.
The possibility that the late waves recorded represent
artifact, perhaps due to movement, cannot be discounted.
The consistent recordings of similar but low amplitude waves
in subjects without the long QT syndrome, their consistency
from cycle to cycle in the patient studied and the absence
of ST segment shifts in the endocardial recordings militates
against the possibility of movement artifacts accounting en-
tirely for the recordings.
In vitro studies. Beta-adrenergic agonists have been
shown to induce or enhance afterdepolarizations in a variety
of experimental circumstances. Wit and coworkers (10, II)
recorded afterdepolarizations in muscle fibers of the canine
mitral valve leaflet and the simian mitral valve that were
increased by epinephrine and norepinephrine. Wit and
Cranefield (12) subsequently reported similar findings in
atrial cells along the canine coronary sinus. Tsien and Car-
penter (13) recorded a mixed inward current associated with
afterdepolarizations in Purkinje fibers bathed with stro-
phanthidin, a cardiotonic steroid. Our in vitro studies extend
these observations by demonstrating that afterdepolariza-
tions can be induced in working myocardial cells by beta-
adrenergic agonists and blocked by beta-adrenergic blocking
agents-a direct parallel to our clinical findings. In our
studies in vitro, afterdepolarizations were regularly induced
in working myocardium by norepinephrine in concentrations
of 10 - 6M. Although this concentration is thought to be
higher than the concentration of free norepinephrine in nor-
mal myocardium, it is possible that high local concentrations
are attained in this syndrome or that an abnormal sensitivity
to beta-adrenergic agonists exists.
Relation to the long QT syndrome. The demonstration
of afterdepolarizations in working myocardium provides a
possible mechanism for understanding the long QT syn-
drome. The slow waves recorded from the endocardium in
our patient may be the extracellular intracardiac reflection
of cellular afterdepolarizations. These may be evident on
the surface electrocardiogram as bizarre T or U waves.
These afterpotentials may be present in all patients, but are
strikingly large in patients with the long QT syndrome, just
as U waves may be present in normal subjects, but biazrre
T or TU waves are seen only in patients with the long QT
syndrome.
The observations of in vitro afterdepolarizations show
important parallels to our in vivo observations, which pro-
vide indirect evidence suggesting that both of these elec-
trophysiologic events may be due to the same mechanism.
Both the in vivo and in vitro observations were made in
ordinary myocardial cells, and both the cellular afterdepo-
larizations and the late diastolic waves in the whole heart
are increased with sympathetic activity and decreased by
beta-adrenergic blockade. The timing in the cardiac cycle
is similar. Sympathetic stimuli that increase the magnitude
of the cellular afterdepolarizations and triggered activity are
known to produce tachyarrhythmias clinically. The evidence
implicating the stellate ganglion in the long QT syndrome
could be explained by the hypothesis that abnormal dis-
charge of the stellate ganglion is translated into arrhythmias
by the mechanism of afterdepolarizations, which could gen-
erate the initiating ectopic beats by triggered discharges.
This triggered activity could interact with abnormal repo-
larization, if such exists, to produce ventricular tachycardias
by reentrant mechanisms, or the ventricular tachycardia could
be entirely automatic.
In these studies, the late diastolic wave on the intracardiac
recording had no apparent counterpart on the surface elec-
trocardiogram, except for a rather subtle change on the
electrocardiogram occurring after the T wave. The patient
was in relative remission at the time of study as evidenced
by a QT interval of 0.48 second and the absence of clinical
arrhythmias. The congenital long QT syndrome is known
to have exacerbations and remissions (4). The late diastolic
wave may not have been reflected in the surface tracing as
its magnitude during remission was not sufficient or, be-
cause only three surface leads were recorded, it may not
have been evident in the leads selected. Epinephrine was
infused at a low rate, 0.02 j.Lg/kgper min, which produced
no acceleration in heart rate. The QT interval did not prolong
with infusion, a finding that has also been reported with
isoproterenol infusion (14).
Other studies. Inferential support for the afterdepolar-
ization mechanism comes from several recent reports. In a
study of three patients with exercise-induced paroxysmal
ventricular tachycardia (15), the authors speculate, on the
basis of the inability to induce ventricular tachycardia at
electrophysiologic study and the response to propranolol,
lidocaine, verapamil and procainamide, that afterdepolari-
zations may be responsible for these exercise-induced tachy-
arrhythmias. These authors did not perform endocardial re-
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cordings, thus there was no documented demonstration of
the afterdepolarizations.
A report (16) of an electrophysiologic study in a 7 year
old child with the congenital long QT syndrome mentioned
the occurrence of unusual late diastolic waves in endocardial
recordings, but did not speculate on their significance. These
waves (the authors' Fig. 38) are similar to those we recorded
(our Fig. 3 to 5). In their patient, as also noted by Moss
and Schwartz (7), premature stimuli did not induce tachy-
cardia, thus casting doubt on reentry due to heterogenous
repolarization as the sole responsible mechanism. Extra de-
flections were recorded after the QRS intervals with catheter
electrodes in another report (17) and referred to as after-
potentials, but the recordings are filtered and the deflections
are variable in configuration and timing. Using a suction
electrode, Gavrilescu and Luca (18) recorded second de-
flections during repolarization in two cases with congenital
long QT syndrome in some sites in the right ventricle. Al-
though these authors suggested delayed repolarization as the
mechanism, their findings are compatible with our hypoth-
esis that they represent afterdepolarizations.
Ionic mechanisms. The properties of afterdepolariza-
tions have been clarified when delayed afterdepolarizations
are induced by the cardiac glycosides (19). Under these
conditions, the afterdepolarizations are importantly depen-
dent on the calcium current. Intracellular calcium appears
to act as an oscillatory modulator of a nonspecific inward
current that produces the afterdepolarizations (13). The in-
tensity of calcium current is in part dependent of the level
of cyclic adenosine monophosphate [AMP] under the influ-
ence of cathecholamines. If our hypothesis is correct, beta-
adrenergic blockade is effective by reducing the slow inward
calcium current as a result of blocking the calcium channel
due to reduction in cyclic AMP. We are not aware of a
systematic assessment of the efficacy of calcium channel
blocking agents in the treatment of this condition.
Our hypothesis has focused on delayed afterdepolariza-
tions because of the timing of the slow waves that distinctly
follow the T wave and also the induction of delayed after-
depolarizations when beta-adrenergic stimulation was used
in normal myocardium. However, it has been reported (20)
that beta-adrenergic agonists in very high concentrations
also induce changes in the action potential that fit the de-
scription of early afterdepolarizations. As the distinction
between early and delayed afterdepolarizations is, at pres-
ent, descriptive and superficial because the detailed ionic
mechanisms are unclear, it is prudent to realize that after-
depolarizations that interrupt (early afterdepolarizations) and
follow (delayed afterdepolarizations) repolarization could be
involved in the congenital long QT syndrome.
Implications. Our observations suggest that the under-
lying cellular electrophysiologic basis of the long QT syn-
drome is the presence of abnormally large beta-adrenergic-
mediated afterdepolarizations in ventricular myocardial cells.
According to this hypothesis, these potentials can be re-
corded from endocardial catheters, are manifest on the sur-
face electrocardiogram as a long QT or QU interval and are
responsible for the ventricular arrhythmias that patients with
this syndrome experience.
We gratefully acknowledge the work of Debra Cosby in typing (and re-
typing) this manuscript.
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